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P»T.VWgg SDRFACES 



The subject of this invention is a process for modifying 
a surface on a polymer by f on«ing a f luorinated surface 
5 on the polymer. 

It frequently happens that an article made from a polymer 
wbich is particularly suitable for making that article 
displays undesirable characteristics or side effects when 

10 used in the environment to which the article is exposed. 
These characteristics may spring from so-called "active" 
atoms, which may principally be hydrogen or oxygen atoms, 
present in the molecules of a polymer. Vascular grafts 
are a case in point. Polymers in general, and polyesters 

15 in particular, are among the most suitable materials for 
use in making such a graft. Polymers such as polyester 
are, however, thrombogenic when exposed to blood as of 
course they are when used to form a vascular graft. 

20 Blood platelets tend to adhere to the polymer and 
initiate blood clotting. Polymers such as polyester are 
also known to activate the blood complement system. This 
is undesirable as complemont activation is one of the 
first stages of an inflammatory response to foreign 

25 material. There is therefore a need to modify the 
polymer surface to reduce its thrombogenicity and/or to 
reduce its platelet adhesion characteristics. 

It has previously been proposed to eliminate or reduce 
30 the undesired surface activity of a polymer by 
fluorinating the polymer or at least its surface; this 
has been explained as replacing the active atoms in the 
polymer molecules, at the surface at least, by fluorine 
atoms. 
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fraying can cause the disruption of a sutured attacbment 
of a graft to the host blood vessel* 

The problem therefore still remains, and the present 
5 invention seeks to address it. It has now been found 
that a f luorine-containing layer can be deposited on a 
polymer without the need for the cosqolex physico-*chemical 
conditions of a plasma discharge process: instead, a 
f luoropolymer can be deposited from solution onto the 
10 underlying polymer. 

According to a first aspect of the present invention, 
there is therefore provided a process for forming a 
fluorinated surface on a polymer, the jnrocess comprising 
15 dissolving a fluorocarbon in a solvent for the 
fluorocarbon, bringing the resulting solution into 
contact with the polymer and removing the solvent from 
the polymer. 

20 By means of the invention, the polymer may present a non- 
active surface, for example a non-thrombogenic surface 
and/ or a non-complement-*activating surface. 
Alternatively or in addition, ttiere may be little or no 
diffusion of f luorine-contadLning material into the bulk 

25 of the polymer, thus avoiding degradation of the polymer 
and preserving its original strength. 

The term **fluorinated surface** should not be taken to 
imply that necessarily every single atom exposed at the 
30 surface is a fluorine atom. Rather, there will simply be 
a higher proportion of fluorine atoms at the surface, 
after the process of the present invention has been 
applied to a polymer. 
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By means of the invention, fluorinated surfaces can be 
applied to a wide variety of polymers (including polymer 
misetures) for a correspondingly wide variety of uses. 
The invention has pazrticular appUcation, though, in the 
modification of polymers for use in surgically graf table 
material, particularly vascular grafts. Polyethylene and 
polypropylene, both of which are available from 
Itontedison in yam form, may be found to be suitable, but 
the most preferred polymers for use in vascular grafts 
are polyesters, particularly those sold under the trade 
marks KODAK (Kodak) TERYLENE (ICI) and D&CROM (OuPont) . 
Polyesters include but are not limited to polyethylene 
terephthalates (PEIs) of general formula I: 

R OC-^^— COOCHgCatgO 



n 

I 



in which R represents a hydrogen atom or a C1-C4 alkosqr 
group (su<dx as a methoxy group) and n represents an 
integer or other number indicative of the degree of 
polymerisation of the polymer. The polyester sold by 
DuPont specially Polymers Division (Wilmington, 
Delaware, USA) under the trade marie and designation 
DACRON TXPE 56 is the most preferred. 

The physical form of the polymer will also vary depending 
on the nature and intended use of the article into which 
the polymer is (or is to be) made. For exanqple, the 
polymer may be in the form of a sheet, film, strip, tube, 
shaped article, fabric piece (woven, knitted or other) or 
fabric article. Graf table loaterials, particularly 
vascular grafts, are preferably made from fabric, \ihicaa. 
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for best results should be knitted rather than woven. 
For such materials, it is generally preferred for the 
process of the invention to be applied to the fabric 
piece or fabric article, rather than to the yam from 
5 \rtiich the piece or article is made: in this way the 
problem of the modified surface being abraded when the 
yam is woven or knitted is avoided. However, under some 
circumstances it may well be acceptable or even desirable 
for the yam itself to be treated by the process of the 
10 invention. 

The f luorocarbon whicdi is coated onto the polymers by 
means of the process of the invention is preferably, but 
not necessarily, a fluoropolymer. SuiteUsle monomers or 

X5. prepolymers may be induced to form a fluoropolymer on the 
surface of the taider lying polymer if required. The 
essential requirements of the f luorocarbon are that it be 
soluble, to a sufficient degree, in the solvent used and 
that it impart the desired characteristics to the surface 

20 of the underlying polymer ^en applied by the process of 
the invention (or that it be a useful precursor for 
imparting the desired characteristics) • 

It may not be necessary for the f luorocarbon only to 
25 contain the atoms fluorine and carbon, though it is 
IdLkely that these atoms will predominant. Oxygen ai:oms 
may be present in some fluorocarbons, as may halogens 
other them fluorine, and hydrogen atoms are not 
necessarily excluded (although perf luorocarbons, in which 
30 fluorine atoms take the place of all hydrogen atom sites, 
are preferred) . Fluorinated elastomers ("fluoro- 
elastomers)" or fluorinated rubbers ("fluoro-rubbers") 
may be useful in the invention. Often they are soluble, 
at least in their prepolymer f om if not in their fully 
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polymerised or cross-linked form, in common solvents. 
The VTEOH* f luorinated elastomer available from DuPont in 
pr^lymer form is soluble in readily available solvents 
and can be coated onto a polymer substrate, whereupon xt 
nay be cross-linked to acquire the desired properties. 

aaong the fluorocarbons most preferred for use in the 
process of the present invention are amorphous 
fluoropolymers such as copolymers of tetraf luoroethylene 
and bis-2 , 2-trif luoromethyl-4 , 5-dif luoro-1, 2-dioxole. 
SoxOl copolymers have the formula 



\ 

.0 



X 



where n and m are integers or other numbers 
representative of the degree of polymerisation and of the 
proportions of the different monomeric units incorporated 
in the polymer. such copolymers are available from 
DuPont under the trade mark TEFLON ^AF, which typically 
are soluble to the extent of tram. 2 to 15% (w/w) in 
certain solvents. The. product TEPKIH AF 1600 is 
preferred? the product TEFLMT AF 2400 is also an 
appropriate one to use but is not quite so preferred as 
TEEim AF 1600 because its solubility characteristics are 
not so favoureJsle. 

Mixtures of fluorocarbons can also be used in the process 
of the invention. 



Solvents useful in the process of the invention are those 
in which the f luorocarbon is soluble to an acceptable 
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ctogree and which do not have any umianted effect on the 
polyner substrate. The nature of the solvent, whether a 
single coiiponent or a mixture, preferred for use will 
therefore depend primarily on the nature of the 
5 fluoroearbon to be deposited on the polymer substrate 
and, possibly, on the nature of the polymer substrate 
itself. AS mentioned above, if the fluoroearbon is a 
fluorinated elastomer or fluorinated rubber, a wide 
variety of common solvents may be used; exasqples include 

10 methylethylketone, methylene chloride, carbon 
tetrachloride and others. If, as is preferred, the 
fluoroearbon is an amorphous f lu«ropolymer such as one of 
those sold under the trade mark TEFLON AP, then a 
fluorinated solvent may be used. Suitable fluorinated 

15 solvents include perfluoroalkanes (such as Cg-Cio 
perflttoroalkanes, as exemplified by perfluorohexane 
(C6F14) and perfluoroheptane (C^Fig)) perfluorocyclo- 
alkanes (such as C^-Cio perf luorocycloaUcanes) , which 
optionally may contain tertiary amino and/or ether 

20 functions. Fully fluorinated cyclic ethers and other 
perf luoro coiqxjunds may also be used. 

Among the best fluorinated solvents are those available 
from 3H united Kingdom plo, Bracknell, Berkshire, under 

25 the FEDORINERP trade mai^. These liquids, yAkich are 
completely fluorinated organic coaqpounds, were originally 
marlceted for specialised applications in the electronics 
industry, but are particularly suitable for use in the 
present invention. The various FLOORINERT liquids vary 

30 in their physical and chemical characteristics. Those 
having a kinematic viscosity at 25 -C of l.Ocs or below, 
are preferred, as are those having an average molecular 
weight of 500 or below, and those having a vapour 
pressure of 10 torr and above. The FLOORINERT liquids 
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satisfying these criteria include those known by the 
product designations FC-87, FC-72, PC-84, FC-77, FC-104 
and, most preferred of all; FC-75. 

The concentration of the f luorocarbon in the solvent may 
typicaUy be in the range of 0.05% to 0.5% (w/w) , with 
0.075% to 0.2% (w/w) being preferred and about 0.1% (w/w) 
being optimal, concentrations below 0.05% may in some 
circumstances not give completely reliable coverage, 
imile at concentrations above 0.5% the amount of 
f luorocarbon may begin to affect the handling properties 
of the coated polymer in some instances. 

The solution of tiie f luorocarbon in the solvent may be 
15 brought into contact with the polymer in any convenient 
way, depending on the nature of the polymer or the 
article formed from it. Immersion will often be 
preferred, but the solution may be sprayed or brushed 
onto the polymer if appropriate. 

The contact time between the solution and the polymer is 
not particularly critical but should in general be 
sufficient to allow complete wetting of the polymer 
surface. A contact time of between 15 seconds and I 
25 minute (such as about 30 seconds) has been found to be 
quite adequate. It is preferred, thou^i, for the 
polymer to be dipped in or otherwise brought into contact 
two or more times with the solution and to be allowed to 
dry between doings. A better covering may be achieved 
30 this way. The time between dips will vary with drying 
conditions but at room temperature (25 "C) may be in the 
region of 10 to 60 minutes (for example about 30 
minures) . 



20 
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After contact (or final contact) with the solution^ the 
polymer is dried to remove solvent. A drying time of 
from 10 to 60 minutes, as indicated above, is likely to 
be satisfactory at room temperature. The solvent may be 
5 recovered for future use if desired. 

No particularly unusual conditions are needed for 
carrying out the process of the invention. For good 
adherence of the fluorocarbon to the polymer substrate, 

10 though, the polymer should be clean and free of grease. 
This may be achieved by solvent cleaning either at room 
tesqperature or in a So3dilet apparatus. Suitable cleaning 
solvents include chloroform, trichloroethylene or other 
chlorinated or chlorof luorinated solvents which do not 

15 have a deleterious effect on the polymer. As an 
alternative, plasma or glow discharge cleaning could be 
used (for example adapting the cold plasma processes 
known in the art and previously discussed) : the adherence 
of the fluorocarbon to the polymer may be increased in 

20 this way. 

For the invention to work optimally, the process should 
be" carried out in a clean, particle-free environment. 
ThiSL will be routine , though , in the case of the 
25 production of surgical grafts such as vascular grafts. 

As will be apparent from what has already been said, the 
invention has particular application in the production of 
vascular grafts, which are preferably constructed of 
30 knitted polyester yam (although other porous structures 
can be used) . After the graft has been knitted, and 
after the process of the invention has been applied to 
the graft, it is much preferred for the graft to be 
sealed prior to being packaged and sterilised. Sealing 
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the graft prior to packaging enables the surgec^ to 
dispense with the otherwise necessary st^ of sealing the 
graft by pre-clotting it with the patient's own blood. 
Collagen, i1Ht«»^Ti and alginate may be used to seal the 
5 graft, but it is preferred to use gelatin and, in 
particular, gelatin at least part of ^Aich has been 
treated to reduce the number of amino groups in it: such 
a g^ a1?i^ g process is disclosed in BP--A-0183365. The 
gelatin coating serves to control the rate at ^ich the 
10 graft becomes permeable. 

The process of the invention can be accurately controlled 
to provide reproducible coatings on bare polymer 
structures* The chemical structure of the deposited 
15 f luorocsdrbon is homogeneous and physically it is hard and 
abrasion resistant. 

A graft made by the process of the present invention 
consists basicsaiy of the piure polymer encased in a 

20 fluorocarbon coating v^ich is not thrombogenic so that 
the graft has all the strength of the pure polymer but 
since the polymer is, in use of thi^ graft, isolated from 
the blood passing throuc^ the graft it does not display 
the thrombogenicity of a graft made from the polymer 

25 alone* 

According to a second aspect of the invention, there is 
provided an article, pairticularly a vascular graft, 
comprising a polymer on which a fluorocarbon has been 
30 deposited by solvent deposition. 

The graft is preferably formed from fabric. Best results 
are obtained from the use of knitted fabric, particularly 
warp Icnitted fsdaric. 
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Ot^ier preferred features of the second aspect are a^ for 
the first aspect jnutatis mutandis • 

The invention will nov be illustrated by the following 
5 exasqples. 

Spools of DACRON TYPE 56 yam (2 x 44/27) are placed in 
10 a Karl Meyer double bed Sascfael knitting machine^ where 
two fibres of yam are warp knitted with 60 needles per 
inch into seamless long continuous (straight) vascular 
grafts of Sum internal diameter. The continuous grafts 
are then formed into same-sized lots and transferred to 
15 a Class 10,000 clean room. Here they are weighed, 
inspected for gross defects, %rashed and cut to 30cm 
lengths. The grafts are externally supported by the 
application of a 0.9mm APPRYL 3020 SH3 polypropylene 
helical coil melt bonded onto the outer surface. (APPRYL 
20 3020 SH3 is a trade mark of Appryl SNC, Puteaux, France 
and is available from Ato Chemicals, Newbury, United 
Kingdom.) After the external support has been applied, 
the grafts are re-inspected, trimmed and then given a 
further inspection. 

25 

265 •5mg of TEFLON AF 1600 (copolymer of tetrafluoro* 
ethylene and Jbis-2 , 2-trif luoromethyl-»4 , 5*dif luoro-1 , 2- 
dioxole) powder, as supplied by DuPont, is dissolved in 
a plastic beaker in 150ml of FLUORINERT FC75 fluorinated 
30 liquid, as supplied by 3M. The FLUORINERT FC75 liquid has 

a relative density at 25 •C of 1.77, so 150ml of liquid 
weighs 265. 5g. The TEFLON AF 1600 powder is allowed to 
dissolve fully to produce a 0.1% (w/w) solution. 
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A 30cm long, externally supported, knitted graft, as 
l^odnced above, is dipped into the solution at room 
teiq)erature for 30 seconds. Excess solution is removed 
and the graft is allowed to dry for 10 to 60 minutes in 
5 air. The graft is then re-dipped and finally dried. 

Once dry, the fluorinated vascular graft is gelatin- 
sealed by following the procedure of Example 1 of EP-A- 
0183365 in a wet-process clean room. The sealed graft is 
10 then packaged and sterilised with ethylene oxide. 

Using essentially the same knitting tecshnology as is 
15 described in Example 1, a flat sheet of fabric is 
produced by knitting DACROM TYPE 56 yam. The sheet is 
cut into 2.5cm x 2.5cm squares, which are trimmed and 
inspected as given above in Example 1. The fabric 
squares are then coated with TEFLON AF 1600, as described 
20 in Example 1 above, and put aside for future use. 

TgYAMPr.E 3 



25 



30 



A 30cm long, 8mm internal diameter, vascular graft, as 
prepared in Exai«>le l, was implanted as a thoraco- 
abdominal bypass in a canine model. As a control, a 
similarly prepared but unfluorinated graft was also 
implanted. Both fluorinated and unfluorinated grafts 
were implanted for various lengths of time, ranging from 
4 hours to 6 months; explants were then examined. 
Preliminary observations clearly demonstrated a more 
extensive cellular coating with endotheUal-like cells of 
tne luminal surface of the fluorinated grafts. For 
example, a fluorinated graft implanted for 1 month showed 
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excellent healing with a smooth and glistening flow 
surface, with cells visible. In contrast, an untreated 
graft which had been ia^lanted for six months still 
demonstrated red thrombi in the middle of the graft, even 
5 after that length of time. 

EXAMPLE 4 

Five 2.5cm x 2.5cm pieces of fluorinated knitted fabric, 
10 as produced in Example 2, were incubated with 3ml of 
heparinsed plasma, obtained from one of four human 
volunteers, for 1 hour. As a control, similar pieces of 
unf luorinated material were similarly tested. 

15 To eissess the extent of complement activation, the levels 
of iC3b in the plasma were then estimated using a QUXDEL 
(trade mark) iCjb enzyme immunoassay. All test materials 
were pre-wetted by dipping twice in 100% absolute 
alcohol, twice in 50% alcohol, twice in distill^ water 

20 and twice in isotonic saline. The results are shown in 
Table 1 below. 

25 iC3b Values (ng/ml) 

Volunteer number Mean 
12 3 4 Values 

30 Non-fluorinated Fabric 11760 6990 4970 1050 6193 
Fluorinated Fabric 3620 2450 1920 5390 3345 

Although the results from volunteer number 4 are some%diat 
emomalous, the data overall clearly show a marked 
35 reduction of CK^lc^o^it ;;u^ivation for the fluorinated 
fabric, when craipared to the non-^f luorinated fabric. 
Conqslement activation is believed to lead to hyperplasia. 
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«iiich can tlier^e»re bft reduced neans of the present 
invention. 



[^E 5 



mm 2.5CB X 2.5cni fabric squares, as prepared in E«ui?>le 
2, were prepared 1cm square fabric disks. As controls, 
n^fluorinated, bat otherwise similar, fabric disks were 
^r^iared. 

Freshly taken human blood, containing 10% (v/v) of 3.8% 
(w/v) tri-sodium citrate was spun for 15 minutes at 
900rpm in polystyrene centrifuge tubes. TbB platelet- 
rich plasma was removed using siliconised glass Pasteur 
pipettes and put into a polystyrene container, where it 
was allowed to rest for 1 hour at 37«C. An equal volume 
of filtered (0.2<im) phosphate-buffered saline (PBS) was 
added. 

TO test each icm square disk, 2ml of the plasma/PBS mix 
and the disk were put into a 7ml polystyrene bijou 
bottle, which was rotated gently for 1 hour at 37»C. 
After incubation, 0.5ml of test or control plasma was 
taken and made up to 20ml with filtarwi PBS. Platelets 
25 were counted on a COOLTER ZM (trade mark) particle 
counter, on standard settings. The results were as 
follows: 



Hon-fluorinated fabric 43% deletion 
Fluorinated fabric 4% deletion 



The results show that grafts made from the^^Cluw^inated 
fabric are less likely to lead to platelet adhesion on 
the graft wall and therefore likely to be less 
35 ' thrombogenic than the untreated fabric. 
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1. A process for forming a fluorinated surface on a 
polymer, the process comprising dissolving a f luorocarbon 
5 in a solvent for the f luorocarbon, bringing the resulting 
solution into contact with the polymer and removing the 
solvent from the polymer. 

2* A process as claimed in claim 1, which is a process 
10 for forming a fluorinated surface on a surgical graft, 
irtierein the graft comprises polymer. 

3. A process as claimed in claim 2, wherein the graft 
is a vascular graft. 

15 

4. A process as claimed in claim 1, 2 or 3, wherein the 
polymer is a polyester. 

5. A process as claimed in claim 4, wherein the 
20 polyesters is a polyethylene terephthalate of general 

formula I: 



25 



-H 



in which R represents a hydrogen atom or a alkosQr 
group and n represents a number indicative of the degree 
30 of polymerisation of the polymer. 



6. A process as claimed in claim 4 , %^erein the polymer 
is that availsODle under the trade mark and designation 
DACRON TYPE 56. 
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7.. A process as daimed in any one of claims 1 %o 6, 
wherein the fluorocarbon is a fluor^olyner. 

8. A process as claimed in claim 7, wherein the 
5 fluorppolymer is an aonorphoas fluorc»polymer. 

9. A process as claimed in claim 7, wherein the 
a^rphous fluoropolymer is a copolymer of 
tetraflttoroethylene and Jbis-2,2-trifluoromethyl-4,5- 

10 difluoro-lr2-dioxole. 

10. A process as claimed in claim 9, wherein the 
amorphous fluoropolymer is one or more of those available 
under the trade maz% TEFLON AF. 

15 

11. A process as claimed in claim 9, wherein the 
an^rphous fluoropolymer is that available under the trade 
maxSi and designation TEFLON AF 1600. 

20 12. A process as claimed in any one of claims 1 to 11, 
wherein the solvent is fluorinated. 

13. A process as claimed in claim 12, therein the 
solvent comprises a perfluoroalkane and/or a 

25 perf luorocyclo-alfcane, either or both of whicSh optionally 
contains one or more tertiary amino and/or ether 
functions. 

14. A process as claimed in claim 12, wherein the 
30 solvent coii?»rises one or more of those available under 

the FLUORINERT trade mark. 

15. A process as claimed in claim 12, wherein the 
solvent comprises that available under the FEDORIliERT FC- 

35 75 trade mark and product designation. 
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16. A process as claimed in any one of claims 1 -to 15, 
wherein the concentration of the fluorocarbon in the 
solvent is in the range of from 0*075% to 0.2% (w/w) . 

5 17. A process as claimed in any one of claims 1 to 15, 
wherein the concentration of the fluorocarbon in the 
solvent is about 0.1% (w/w). 

18. A process as claimed in any one of claims 1 to 17, 
10 wherein the polymer is cleaned prior to the application 

of the fluorocarbon. 

19. A process as claimed in claim 2 or 3, %ttierein the 
graft is sealed after application of the fluoropolymer. 

15 

20. A process as claimed in claim 19, wherein the graft 
is sealed with gelatin. 

21. An eurticle comprising a polymer on which a 
20 fluorocarbon has been deposited by solvent deposition. 

22. An article as claimed in claim 21, which is a 
vascular graft. 
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